Hydrogen (H)-bonds potentiate diverse cellular functions by facilitating molecular interactions. The mechanism and the extent to which H-bonds regulate molecular interactions are a largely unresolved problem in biology because the H-bonding process continuously competes with bulk water. This interference may significantly alter our understanding of molecular function, for example, in the elucidation of the origin of enzymatic catalytic power. We advance this concept by showing that H-bonds regulate molecular interactions via a hitherto unappreciated donor-acceptor pairing mechanism that minimizes competition with water. On the basis of theoretical and experimental correlations between H-bond pairings and their effects on ligand binding affinity, we demonstrate that H-bonds enhance receptor-ligand interactions when both the donor and acceptor have either significantly stronger or significantly weaker H-bonding capabilities than the hydrogen and oxygen atoms in water. By contrast, mixed strong-weak H-bond pairings decrease ligand binding affinity due to interference with bulk water, offering mechanistic insight into why indiscriminate strengthening of receptor-ligand H-bonds correlates poorly with experimental binding affinity. Further support for the H-bond pairing principle is provided by the discovery and optimization of lead compounds targeting dietary melamine and Clostridium difficile toxins, which are not realized by traditional drug design methods. Synergistic H-bond pairings have therefore evolved in the natural design of high-affinity binding and provide a new conceptual framework to evaluate the H-bonding process in biological systems. Our findings may also guide wider applications of competing H-bond pairings in lead compound design and in determining the origin of enzymatic catalytic power.
INTRODUCTION
Hydrogen (H)-bonds are ubiquitous in nature and play an important role in protein folding (1) , protein-ligand interactions (2) , and catalysis (3, 4) . Despite extensive investigations, there remain many challenges that prevent us from completely understanding how H-bonds modulate molecular function. In biological systems, an H-bond competing process is always present with water. Because bulk water interferes with reversible biological processes and enthalpy-entropy compensation occurs during H-bond formation, the mechanisms and the extent to which H-bonds contribute to molecular function are not well understood. In particular, whether H-bonds regulate receptor-ligand binding remains a long-standing problem with poorly defined mechanisms (5) (6) (7) (8) (9) .
H-bonds are generally considered to be facilitators of protein-ligand binding (2, 10) . However, introducing H-bond donors or acceptors to establish stronger protein-ligand interactions often results in the absence of net gain in binding affinity (5, 11) . Rather than targeting protein-ligand interactions per se, H-bonds are also reported to promote ligand binding affinity by displacing protein-bound water molecules into the bulk solvent (12) (13) (14) (15) . Contrasting H-bonding mechanisms are also evident in enzyme catalysis where the effects of H-bonds on the free energy barrier reduction of enzymatic reaction are identical to their role in protein-ligand binding. Whether electrostatic (H-bond) interactions represent the major origin of enzymatic catalytic power is still under debate (16) (17) (18) . We recently reported that accurate quantification of the free energy contribution of H-bonds to both enzymatic reactions and the corresponding reference reactions in aqueous solution is vital for exploring the origin of enzymatic catalytic power (19) . A deeper understanding of the effects of water H-bond interactions on biological processes is therefore needed to advance our appreciation of how such systems are regulated and to facilitate lead compound design without compromising ADMET (absorption, distribution, metabolism, excretion, and toxicity) properties or escalating drug development costs (20) .
To better delineate how water regulates H-bonding between a receptor and its ligand, we used water/hexadecane partition coefficients to determine whether the H-bonding capability of receptor-ligand atoms is stronger or weaker than that of hydrogen or oxygen atoms in water. Here, we provide theoretical and experimental demonstration in which synergistic receptor-ligand H-bond pairings potentiate highaffinity binding by effectively eliminating competitive interference with water. water molecule's orientation and position is constrained by the protein
The free energy change (DG) of this process is usually considered as the Gibbs free energy change from PH… [OH 2 ] to PH…OH 2 (Eq. 2).
The difference between Eqs. 1 and 2 describes an H-bond competing process associated with small molecules in aqueous solution (Eq. 3). Because this relationship is poorly understood and often ignored, a common misperception-that is, generating stronger protein-ligand H-bonds leads to a net gain in binding affinity-exists. The DG in Eq. 2 is not dependent on the strength of protein-ligand interactions, whereas the DG in Eq. 3 is associated with protein-ligand H-bonds. Thus, the DG in Eq. 3 provides useful quantitative information in deciphering how protein-ligand H-bonds may modulate ligand binding affinity. To address the first issue of competing H-bonds in bulk water, we propose a new H-bond pairing principle to evaluate the DG in Eq. 3, and we demonstrate that the nature of these H-bonds depends on the pairing of the donors and acceptors (see the next section).
Second, H-bonding in biological systems is highly complicated. Some key determinants, such as solvent entropy changes during the H-bonding process, are difficult to measure accurately using either experimental or theoretical methods. This limitation is a significant reason why the contribution of H-bonds to biological function remains poorly defined. Furthermore, the net free energy contribution of an H-bonding process represents the sum of several parts, with individual values being much larger than the net contribution in some cases. Even if each component can be measured with small relative error, the net contribution cannot be obtained with accuracy. To address this second issue, we developed a novel parameter derived from experimental partition coefficients to calculate the contribution of specific H-bonds to ligand binding affinity. Because this parameter includes the factors that influence the free energy contribution of H-bonds, notably electrostatic interactions, desolvation, entropy change of solvent, and van der Waals interactions, this makes the calculation simple and accurate because summarizing the individual parts that are hard to quantify accurately is not necessary. By applying both the H-bond pairing principle and the novel parameter, we examined the mechanism and the extent to which protein-ligand H-bonds modulate ligand binding affinity.
The H-bond pairing principle
The H-bond competing process can be defined by the following general equation, where two acceptors (A 1 and A 2 ) and donors (D 1 and D 2 ) form mixed pairings
When A 2 and H-D 2 have stronger H-bonding capabilities than A 1 and H-D 1 , respectively, Eq. 4 favors (both in enthalpy and in free energy) the pairing A 2 …H-D 2 ( Fig. 1A and fig. S1 ). We estimated the H-bonding capability of an atom using the free energy required to transfer the atom from water to hexadecane. We then used a modification of the method of Kenny et al. (21) to evaluate the H-bonding capability of the respective atoms in the protein-ligand complex by calculating the difference (DlogP 16 ) between water/hexadecane partition coefficients (logP 16 ) and logP 16 of saturated hydrocarbon molecules with the same molecular surface area (Table 1 and fig. S2 ). It is known that DlogP between hexadecane (or alkane)/water and 1-octanol/water provides a measure of the H-bond potential of a molecule (22) (23) (24) , and the calculated standard errors for the H-bonding capabilities listed in Table 1 Experimental support for the strong-strong or weak-weak (s-s/w-w) H-bond pairing principle is provided by the observation that the H-bond competing process between two halide ions and two hydrogen halides in a gaseous system (Eq. 5) favors the s-s/w-w pairing in enthalpy
The enthalpy change (DH) in Eq. 5, calculated from the experimental data for the H-bond energies, is −19.9 kcal/mol (Table 2 ) (25) , indicating that the equation favors s-s/w-w H-bond pairing in enthalpy because HCl is a stronger H-bond donor than HF and F − is a stronger H-bond acceptor than Cl − . This phenomenon is universal because all H-bond competing processes listed in Table 2 favor s-s/w-w pairing in enthalpy. Although entropy-enthalpy compensation exists, the favorable enthalpic contributions of H-bond competing processes are only partially canceled by unfavorable entropic contribution (TDS) ( fig. S1 ). Thus, H-bond competing processes favor s-s/w-w pairing in free energy.
The H-bond pairing principle applied to protein-ligand interactions The DG for the reversible competing protein-ligand H-bonding process shown in Eq. 1 has two components: (i) the DG associated with the release of a well-ordered water molecule into the bulk solvent (Eq. 2), which does not depend on protein-ligand interactions, and (ii) the DG associated with protein-ligand H-bonds (Eq. 3). The DG in Eq. 3 cannot be obtained from experimental data. However, because the H-bond competing process between the same H-bonding protein atom and different ligand atoms (Fig. 1B) obeys the H-bond pairing principle, DG can be calculated by comparing the experimental binding affinities of the two ligands. The DG for the H-bond competing process of two ligand atoms with the same protein atom(s) (Fig. 1B) can be expressed as shown in Eq. 6 (for theoretical proof and validation, see text S2)
where k is a constant and is equal to 1/H WH ; H PH , H WH , H A , and H B are the H-bonding capabilities of the protein atom(s), the H-bond donor or H-bond donor of water, and the atoms of ligands A and B, respectively. The effect of H-bond geometry on DG is factored into the H-bonding capability of the protein atom(s) (see text S3 for details). The relationship between the DG for the H-bond competing process of two ligands is shown in Fig. 1B , and the difference between the H-bonding capabilities of the two ligand atoms (H B − H A ) is shown in Fig. 1C . Equation 6 is a mathematical expression of the H-bond pairing principle. Because this derivation is complex, some approximations are used to develop the models. For example, to derive Eq. 6, we assume that single H-bonds of similar distance make up the pairings. However, the calculated DG for the H-bond pairing process-in which two H-bonding acceptors compete and bind to the same nonpolar site on a protein receptor-is the same as the DG obtained from the experimental water/hexadecane partition coefficients for any H-bond pairings (Fig. 2) . These experimental findings validate the model as fitting beyond its approximations (see Fig. 2 and text S2). We further validate Eq. 6 by showing that strong H-bonds in different pairing models have opposing effects on experimental binding free energy. A notable example is provided in Fig. 3 , which shows that strong s-s pairing H-bonds between 2 and its protein receptor enhance binding affinity, whereas the strong-weak (s-w) pairing between 4 and its protein receptor is not as favorable as the w-w pairing provided in the form of a polar-apolar interaction. Moreover, the reported binding affinities of two structurally similar scytalone dehydratase inhibitors 1 and 2 ( Fig. 3A) (26) indicate that substitution of an apolar H atom (H-bonding capability, 0) for a cyano group (H-bonding capability, 16.0) enhances receptor antagonism by~30,000-fold ( fig. S3 ). The binding free energy difference (DDG) between 1 and 2 mainly results from (i) H-bond interactions with Tyr 30 and Tyr 50 (DG HB ) and (ii) the relative flexibility of the OH groups in Tyr 30 and Tyr 50 (DG flex ) because the OH groups interacting with 2 are less flexible. The first term, DG HB , is the DG of the H-bond competing process as shown in Fig. 3B , which is −33.2 ± 3.2 kJ/mol because the H PH , H A , and H B of the process are 21.6 ± 1.5, 0, and 16.0 ± 0.5, respectively. The free energy required for fixing two rotatable bonds (DG flex ) is~7.4 ± 1.8 kJ/mol because the predicted free energy cost for rotor restrictions is close to 3.7 ± 0.9 kJ/mol per rotor (27, 28) . Thus, the calculated DDG is −25.8 ± 3.7 kJ/mol, which is in close agreement to the experimental DDG (−25.6 kJ/mol at 298 K). On this basis, we conclude that the s-s pairing H-bonds between the cyano group of 2 and the receptor tyrosine hydroxyls can markedly increase the binding affinity. Further evidence that shows that the H-bond interactions between the inhibitor 2 CN group and the receptor tyrosine hydroxyls are strong and favorable to binding affinity is based on their geometry and large effects on binding affinity ( fig. S4 ). By contrast, the reported binding affinities of two heterocyclic aromatic sulfonamide inhibitors of carbonic anhydrase (3 and 4; Fig. 3 . The binding affinity of 4 is~30-fold lower than 3. Two factors contribute to the difference in binding affinity: (i) differential H-bond interactions with Thr 200 (DG HB ), which is equal to the DG for the H-bond pairing shown in Fig. 3C , and (ii) the free energy difference in transferring the hydrogen atoms from water to protein (DG sol ; colored red on the aromatic rings of 3 and 4 in Fig. 3A) . Because protein has a higher dielectric constant than hexadecane, DG sol is less than the free energy difference in transferring the hydrogen atoms from water to hexadecane (which is 8.4 kJ/mol based on the H-bonding capabilities of the hydrogen atoms). Thus, transferring the hydrogen atom of 4 reduces the activity <30-fold (=10 8.4/5.71 ) compared with the hydrogen atom of 3. Because the difference in activity between 4 and 3 is~30-fold, the strong H-bond between 4 and Thr 200 (s-w pairing) is not as favorable as the weak H-bond between 3 and Thr 200 (w-w pairing).
Free energy contribution of a protein ligand H-bond to ligand binding affinity
Concordance between experimental and calculated results is supportive of Eq. 6, and from this, the free energy contribution of a protein ligand H-bond (DG in Eq. 3) can be calculated from Eq. 7
where k is a constant and H W , H L , and H P are the H-bonding capabilities of the H-bond donor/acceptor of water, ligand atom, and protein atom, respectively. The relationship between DG HB and H L , H P (Fig. 1D ) offers insight into how specific protein-ligand H-bonds contribute to binding affinity in the following ways: (i) H-bonds with s-s pairings increase ligand binding affinity. An example is provided by the strong binding affinity of the scytalone dehydratase inhibitor 2 (Fig. 3A) (Fig. 4) . All H-bond-forming atoms from the ureido ring of biotin form s-s receptor-ligand H-bond pairings. The H-bonds for the ureido oxygen contribute significantly to the binding affinity because of the extreme H-bonding capabilities of both donors and acceptors. For the H-bond acceptor, the ureido oxygen has two lone pairs of electrons with an H-bonding capability of 14.3 per lone pair. For the H-bond donors, the sum of the H-bond capability of the three H atoms in Asn 23 , Ser 27 , and Tyr 43 is 25.0, much stronger than the sum of the H-bonding capability of two water H-bond donors (14.04). Critical importance of this s-s H-bond pairing in reducing competitive interference with water is demonstrated by the biotin analog 2-iminobiotin, where binding affinity to streptavidin is reduced by more than 3 million-fold (Fig. 4) (30) . Although there is some unfavorable positivepositive repulsion between 2-iminobiotin and the side chains of streptavidin, these interactions are minor because these side chains are rotatable (Fig. 4) . Thus, the s-s H-bond pairings of the ureido oxygen atom are important for the high affinity of biotin to streptavidin.
(ii) Ligand binding affinity is relatively unaffected by the strength of H-bonds when the H-bonding capability of the ligand or protein atom is close to that of water (DG HB ≈ 0; Fig. 1D ). The binding of the heterocyclic aromatic sulfonamide inhibitors (5, 6, and 7 in Fig. 5 ) to carbonic anhydrase (31) represents an example where significant modification of H-bond strength fails to improve the binding affinity. (iii) s-w H-bond pairings are less favorable than w-w pairings, although they might be stronger. A typical example in Fig. 3C indicates that the nature of the H-bond pairing is more important than H-bond strength. This phenomenon is further illustrated by the favorable interactions between aromatic rings and polarized CH groups (32, 33) . Aromatic rings are weak H-bond acceptors (32, 34) , whereas CH groups are weak H-bond donors (34, 35) . The favorable hydrophobic interaction with a weak H-bond (w-w pairing) explains the inhibitory action of antagonists on factor Xa activity (Fig. 6) . S6 ). Also, van der Waals interactions are insufficient to explain the large potency differences. Thus, mixed s-w H-bond pairings can decrease proteinligand binding affinity even when H-bonds are strong, offering new mechanistic insight into why some strong H-bonds do not enhance ligand binding affinity; generalizations that H-bonds contribute minimally to binding affinity may therefore be inaccurate. Notably, s-w H-bond pairings with a ligand atom can significantly reduce its binding affinity as is demonstrated by the relatively weak binding affinity of the scytalone dehydratase inhibitor 1 (Fig. 3A) (26) , with its apolar hydrogen atom (H L = 0 < H W ) interacting with two strong H-bond donors from Tyr 30 and Tyr 50 (H P = 21.6 > H W ). The s-w pairing interaction decreases binding affinity by~90-fold ( fig. S3) .
Application of the H-bond pairing principle to drug design Our findings demonstrate that protein-ligand binding affinity is dependent on H-bond pairing effects on DG (Fig. 1D) , and altering one ligand atom/group may significantly modulate the binding affinity (Figs. 3 to 6 ). On this basis, precision-based drug design can be modeled on the H-bond pairing principle. The simplest approach is to optimize ligands on the basis of available crystal structures of the protein-ligand complexes. By analyzing H-bond pairings between each receptor-ligand interaction, ligand atoms requiring modification can be identified (and the manner in which the modification should be effected) to achieve maximum ligand binding affinity.
As an experimental example, we applied the H-bond pairing principle in the lead discovery for pathogenic molecular self-assembly involving s-s H-bond pairings that contribute to renal toxicity in humans. In principle, toxicity caused by the formation of insoluble kidney stones, when dietary melamine forms a complex with cyanuric acid (Fig. 7, A and B, and fig. S7 ) (37) , can be reduced by increasing the solubility of the melamine-cyanuric acid complex using water-soluble molecules that form stronger s-s H-bond pairings with melamine or cyanuric acid. By screening the ZINC database (38) for compounds that are structurally similar to cyanuric acid or melamine, but have stronger H-bonding capability and contain an ionic group for better solubility, we identified two compounds-DHI and DIPA (Fig. 7C) that specifically target the s-s H-bonds in the insoluble melaminecyanuric acid complex, releasing free melamine into solution (Fig. 7, D  and F, and fig. S7 ). This approach is not limited to biological systems because certain compounds containing both strong H-bond donors and acceptors can form strong intermolecular s-s pairing H-bonds that prevent them from solubilizing in water and apolar solvents. Thus, the H-bond pairing principle may also be applied to identify solvents that form favorable s-s H-bond pairings with candidate insoluble compounds, making them more soluble.
The H-bond pairing principle can also be applied to targets where traditional drug design methods are difficult to implement. One approach is to evaluate the H-bonding capability of the receptor atoms based on the effect of H-bonding capability on free energy contribution; ligands can then be modified based on the H-bond pairing principle (Fig. 8A) . We adopted this approach in the redesign of the Clostridium difficile toxin inhibitor inositol hexakisphosphate (InsP 6 ). C. difficile is the most prevalent cause of nosocomial infectious diarrhea 
and tetrahydrofurandiol (THF) shown in (C). (D and E)
Although DHI (D) and 2,6-diaminoisonicotinic acid (DAI) (E) are structurally similar, the hydrogen atoms of DHI have a much stronger H-bonding capability (C). (G) (left) We used this calculation of H-bonding capability to demonstrate that DHI preferentially forms a complex with CYA when compared with DAI or MEL (F). Statistically significant inhibition of MEL-CYA complex formation was also demonstrated with DIPA, which forms s-s H-bond pairings with the triol tautomer of CYA. The triol tautomer predominates in solution because of its aromatic character. DIPA also dissolved MEL-CYA crystal in solution (whereas THF did not) (G; right), illustrating how the s-s/w-w H-bond pairing principle may be applied to lead optimization in diseases caused by low solubility (error bars show SEM; P < 0.05 was considered significant using t test or Mann-Whitney U test for ranks).
and life-threatening colitis worldwide, and has rapidly become a significant unmet medical problem in hospitals, long-term care facilities, and the community (39) . Patients typically develop C. difficile infection after the use of broad-spectrum antibiotics, immunosuppressive agents, or chemotherapy, which disrupt the normal gut microbiota. C. difficile clinical isolates produce two pathogenic enterotoxins, TcdA and TcdB, which are allosterically regulated by InsP 6 (40, 41) . We and others have demonstrated that InsP 6 is a natural allosteric inhibitor of these toxins in vitro, by inducing autocatalytic self-cleavage (42) . However, InsP 6 shows suboptimal efficacy when orally administered in vivo (42) . Traditional methods cannot be used to optimize InsP 6 , because the binding site contains a disproportionally high ratio of charged versus hydrophobic residues (Fig. 8A ) and the positively charged residues already have strong interactions with the negatively charged phosphate groups of InsP 6 (42) .
We decreased the H-bonding capability of the oxygen atom by converting the phosphate groups into sulfate groups (-O-SO 3 − ); this led to a decrease (by two orders of magnitude) in the antitoxin activity (Fig. 8, C and D) , indicating that the phosphate groups may interact with donors that have a higher H-bonding capability than the water hydrogen. Chemical conversion of the phosphate groups of InsP 6 into −O-P(S)O 2 2− significantly improved (26-fold increase) the toxin inhibitory activity (Fig. 8, C and D) . This compound also demonstrated good efficacy in a clinically relevant infectious disease model of C. difficile infection, which could not be achieved with native InsP 6 (Fig. 8, E and F) . Thus, the InsP 6 toxin neutralizing activity was successfully optimized by increasing the H-bonding capability of its phosphate groups.
Application of the H-bond pairing principle to enzymatic reactions
There is much interest in the role of electrostatic (H-bond) interactions on enzyme reactions. Because the contribution of H-bonds to the reduction of free energy barriers in enzyme reactions equates to that of substrate-enzyme binding in transition state ( fig. S8) , we applied the H-bond pairing principle to explore the role of H-bonds in the origin of enzymatic catalytic power. Well-oriented electrostatic (H-bond) interactions in the oxyanion hole of ketosteroid isomerase are reported to provide a major source of catalytic power (16) . This view is based on models where H-bonding in the reference reaction in aqueous solution is assumed not to contribute to free energy barrier reduction. The well-oriented H-bonds in the oxyanion hole of ketosteroid isomerase ( Fig. 9A ) can reduce the free energy barrier to~7.3 kcal/mol as compared to the reaction without H-bond interactions ( Fig. 9B ) (16) . Thus, the free energy change for the competing H-bond pairing process (Fig. 9C) is the difference between the reactions in Fig. 9 (A and B) (7.3 kcal/mol). The free energy change for a similar competing H-bond pairing process (Fig. 9D) , where all H-bonds are not restricted, is <−6.13 kcal/mol because the free energy required to fix two strong H-bonds is less than that required to fix two HOH…OH 2 H-bonds in bulk water [~1.17 kcal/mol at room temperature (19) ]. Calculations based on Eq. 6 indicate that the corresponding H-bonds in aqueous solution contribute >3.91 kcal/mol to the reduction of free energy barrier for the reference reaction (Fig. 9E) , which is close to the data estimated from the experimental free energy barriers of ketosteroid isomerase mutants (19) . Our findings indicate that electrostatic interactions in ketosteroid isomerase appear to contribute far less to the origin of catalytic power than has been previously reported, although the precise role for H-bond pairing in this enzymatic process needs to be verified through future experimentation.
DISCUSSION
Increasing hydrophobic interactions is a major consideration for lead optimization, as this often requires enhancing ligand molecular weight, rotatable bonds, and lipophilicity, all affecting the ADMET properties of ligands. Designing ligands with high binding affinity and satisfactory ADMET properties is therefore a major and often costprohibiting challenge (20) . Here, we address these issues by establishing an s-s/w-w H-bond pairing principle to reveal a previously unappreciated mechanism by which H-bonds modulate receptor-ligand binding affinity. On the basis of theoretical calculation and reported experimental binding affinities, we demonstrate that receptor-ligand H-bonds contribute significantly to binding affinity by establishing synergistic s-s or w-w pairings in H-bonding capability. We also demonstrate that mixed s-w H-bond pairings can decrease protein-ligand binding affinity, even when H-bonds are significantly stronger than water, offering new mechanistic insight into why some strong H-bonds do not enhance ligand binding affinity. Generalizations that H-bonds confer minimal contribution to binding affinity may therefore be inaccurate because we show that an s-s pairing H-bond can increase the ligand binding affinity by a few hundredfold or more. On the basis of this premise, H-bonds can be made more favorable by increasing the H-bonding capability of the ligand atom without increasing the lipophilicity of ligands. Because enthalpy gains of s-s or w-w paired proteinligand H-bonds are only partially canceled out by entropy, such H-bonds always remain favorable in terms of free energy. Thus, the H-bond pairing principle may be effective in designing ligands with high binding affinity and satisfactory ADMET properties, ultimately reducing drug design costs. Our approach can also be applied to the precision design of ligands with high selectivity. With crystal structures of target proteins available, it is feasible to design ligands with high predictable binding affinity to specific target protein receptors because variations in a single H-bond can significantly alter the binding interactions. The H-bond pairing principle is also applicable to hydrophobic interactions, which can be considered as w-w H-bond pairings between atoms with an H-bonding capability approaching zero. We demonstrate feasibility by designing drug candidates showing in vitro efficacy against pathogenic dietary melamine. This type of an approach may find other important applications in pathogenic self-assembly, including inhibition of amyloid protein aggregation (43) and prevention of L-cystine stones (44) .
The H-bonding capability parameter presented in this study is obtained from experimental partition coefficients. It has significant thermodynamic and interaction information encoded within it and represents the foundation for the accuracy of Eq. 6. The thermodynamic and interaction information includes the factors that potentially contribute to ligand binding affinity, including electrostatic interactions, desolvation, entropy (entropy related to rotatable bond is not included), and van der Waals interactions. Thus, the combination of the H-bond pairing principle and H-bonding capability makes the estimation of free energy contribution of H-bonds simpler and more accurate when compared with traditional approaches. This approach can similarly be applied to determine the origin of the catalytic power of an enzyme reaction. We demonstrate the use of this novel approach to estimate the contribution of H-bond interactions to the free energy barrier reduction of the reference reaction in aqueous solution, which is usually not experimentally accessible. Our approach also has application to certain compounds containing both strong H-bond donors and acceptors that form strong intermolecular s-s pairing H-bonds and, as such, are insoluble in water and apolar solvents. The H-bond pairing principle can potentially identify solvents that form more favorable s-s H-bond pairings with candidate insoluble compounds, making them more soluble.
Although almost all protein-ligand interactions include H-bond interactions, our studies are restricted to experimental examples where suitable reference compounds are available to accurately calculate the free energy contributed by specific H-bonds. The diverse examples and theoretical proof presented indicate the accuracy and the wide applications of the principle. Because of H-bonding cooperativity, the H-bonding capability of an atom within a protein may be slightly different from the H-bonding capability calculated based on the methods of this manuscript. For more accurate future interpretation of proteinligand interactions, the effects of H-bonding cooperativity on H-bonding capability will also need to be investigated. Even if precise H-bonding capabilities cannot be obtained, Eq. 6 (or Eq. 7) may still be used in a qualitative capacity for drug design. The lead optimization of the C. difficile toxin inhibitor provides an example where Eq. 6 was successfully applied in a qualitative manner. Qualitative application of Eq. 6 is especially instructive when the information for protein-ligand interactions is unknown or the accurate H-bonding capability of the interacting atoms (for example, the ionic groups) is not available.
In conclusion, as water plays a crucial role in all known biological systems, synergistic s-s and w-w H-bond pairings have evolved to promote high-affinity receptor-ligand interactions by reducing competitive interference for H-bonds with water. This fundamentally new principle is potentially important for precision-based drug design because numerous studies have demonstrated that lead compounds cannot be optimized by indiscriminately increasing the strength of protein-ligand H-bonds. We expect these findings to be useful in any field relevant to H-bond pairing, including enzyme catalysis and drug solubility.
MATERIALS AND METHODS
Materials were obtained from Sigma-Aldrich Chemical Company or Invitrogen unless otherwise stated.
Methods for calculating H-bonding capability
Three-dimensional structures of small organic molecules used for calculating H-bonding capabilities were created using the SYBYL molecular modeling package (Tripos Inc.) and minimized with a Tripos force field. Molecular surface-accessible surface areas (SASAs) were calculated from atomic coordinates, and the radii of solvent were set to 1.4 Å. Data for P hxd (hexadecane/water partition coefficient) and P oct (1-octanol/water partition coefficient) were obtained from earlier experimental reports (23, 24) . Experimental P hxd values for some compounds were also calculated from alkane/water partition coefficients. All partition coefficient data were converted to standard free energy by multiplying 2.303 by RT (R = 0.008314 kJ mol −1 K −1 and T = 298 K). The basic method to calculate H-bond capability is illustrated in fig. S2 . The basis for this method is the strong correlation of free energy for phase transferring (G alk ) with SASA for saturated hydrocarbons and the flexibility of the molecules (Flex), evaluated from the rotatable bonds
A similar conclusion was also obtained from the method of Kenny et al. (21) . The H-bond capability for a molecule (E M ) was calculated directly as illustrated in fig. S2 , and the calculation can be expressed as in Eq. M2
Molecules that have intramolecular H-bond interactions were not used for the initial calculations. Thus, the H-bond capability of a molecule is the sum of the H-bond capabilities of all H-bondforming atoms in the molecule
where E i is the H-bonding capability of atom i.
Electronic effects on H-bonding capability. A major modification of this method over that of Kenny et al. is that it considers the relationship between the H-bonding capability of an atom and the electronic effects of its connections, which include resonance and inductive effects. For example, the H-bonding capabilities of the oxygen and hydrogen atoms of the substituted phenol structure shown below are affected by the resonance and inductive effects of the substituent X.
X O H
Because Hammett substituent constants (s) (45) can be used as descriptors of resonance and inductive effects, they were used to build models. The following model was used to calculate the H-bonding capability (E) of an atom
where E 0 is H-bonding capability of the atom not affected by other atoms, r is a constant for certain atom types, and s is the Hammett substituent constant of X. Methods for calculating the H-bonding capability of atoms. The methods are classified into three types:
(i) The H-bonding capability of an atom (E i ) was calculated directly from the H-bonding capability of its molecule (E M ) when the molecule contains only one H-bond-forming atom (such as ketone) or the H-bond capabilities of all H-bond-forming atoms are the same (for example, the six sp2 carbons in benzene are the same).
(ii) The H-bonding capability of an atom was calculated by subtracting the H-bonding capability of other H-bond-forming atoms in the molecule from the sum H-bonding capability of its molecule. (iii) The H-bonding capability of some atoms cannot be calculated from P hxd because more than one atom's H-bonding capabilities in the molecule are unknown. Take substituted phenol as an example. Only the H-bonding capability of the OH group (E H ) can be calculated from the hexadecane/water partition coefficient, whereas the H-bonding capability of O (E O ) and H (E H ) atoms cannot be calculated. In this case, 1-octanol/water partition coefficients (P oct ) were used to cancel out one of the two unknown items. The energies for transferring the OH group of the substituted phenol from water to 1-octanol (E oct OH ) were calculated using the same method as for calculating Data analysis of H-bond acceptors indicated that there are strong correlations between E and E oct , especially when the atom type and the steric environment are the same. Thus, E oct O ¼ f O E O , and f O was assumed to be the same for all substituted phenol and was set to 0.7092, which was estimated from compounds like ketones and alcohols.
Dividing Eq. M7 by f O , and then abstracting the result from Eq. M8, we get
Thus, the unknown item for oxygen was canceled and the H-bond capability for the H atom of phenol (E H O ) and the constant k was obtained by building QSAR (quantitative structure-activity relationship) models based on a series of data for the substituted H. At this point, the parameters for the oxygen atom can be calculated. Standard errors for calculated H-bonding capabilities are shown in Table 1 .
Synthesis of inositol hexakisphosphorothioate, InsP(S) 6 Thin-layer chromatography was performed on 0.25-mm precoated glass plates (Merck silica gel 60F 254 ) and detection was carried out using ceric ammonium molybdate. Chromatography was performed on an Isco Combiflash Companion using prepacked silica columns (Silicycle). All reagents were purchased from Sigma-Aldrich or Acros and used without further purification. 1: Dibenzyl N,N-diisopropylphosphoramidite (450 ml, 1.37 mmol) was added to a suspension of myo-inositol (30 mg, 0.17 mmol) and 1H-tetrazole (140 mg, 2.0 mmol) in dry CH 3 CN (6 ml) and DMF (N,N′-dimethylformamide; 5 ml) under Ar. After stirring at room temperature for 24 hours, sulfur (135 mg, 4.2 mmol) was added followed by a mixture of carbon disulfide (120 ml, 2.0 mmol) and pyridine (120 ml, 1.2 mmol). The reaction was stirred overnight and then diluted with ethyl acetate (50 ml). The mixture was washed with saturated NaHCO 3 (10 ml), dried (MgSO 4 ), and evaporated under reduced pressure. The product was purified by chromatography (5 to 20% ethyl acetate in hexanes, 12 g silica). R F = 0.26 (4:1 hexanes/ethyl acetate). Yield: 142 mg (40%). InsP(S) 6 : Anhydrous ammonia (10 ml) was condensed into a flask that was cooled in a dry ice/isopropanol bath. Sodium (50 mg) was added and stirred until it completely dissolved, yielding a blue solution. A solution of 1 (37 mg, 0.20 mmol) in dry dioxane (2 ml) was added dropwise. The reaction was stirred for 15 min in the cooling bath and then quenched with ethanol (1 ml). The reaction was gradually allowed to warm to room temperature, and the residual solvents were evaporated under reduced pressure. The residue was dissolved in deionized H 2 O (50 ml), filtered through a syringe filter (0.45 mm), and applied to a column of DEAE cellulose (20 × 55 mm). The column was eluted with a linear gradient of 0 to 2 M triethylammonium bicarbonate buffer (pH 8). The desired fractions eluting at~1.2 M were pooled and lyophilized. The product was resuspended in deionized water and converted to sodium salt by treatment with Dowex 50X8-100 (Na + ) resin followed by lyophilization. Yield: 13.7 mg (69%). Melamine-cyanuric acid complex inhibition studies Cyanuric acid, melamine, melamine-cyanuric acid crystal compound, DHI, DAI, DIPA, and THF were purchased from Sigma-Aldrich and Thermo Fisher Scientific. Cyanuric acid and melamine were separately solubilized in water at 10 mM by shaking at 60 rpm at room temperature for 4 hours with three 10-min incubations at 70°C. DHI, DAI, DIPA, and THF were solubilized in water at 250 mM. Inhibition of cyanuric acid-melamine complex formation was investigated by measuring free melamine in solution using the Melamine H.S. Plate Kit (Beacon Analytical Systems Inc.) briefly as follows: Up to 100-fold excess (25 mM) DHI, DAI, DIPA, or THF was incubated in phosphatebuffered saline (PBS) for 30 min, with shaking (30 rpm) at room temperature with 250 mM melamine in 1.5-ml Eppendorf LoBind tubes. After which, 250 mM cyanuric acid was added and incubated for 1 hour. Tubes were centrifuged at 22,000g for 5 min. The concentration of free melamine in the supernatant was measured using the Plate Kit. Release of free melamine from the cyanuric acid-melamine crystal was measured after sonicating 10 mM melamine-cyanuric acid complex in 1 ml of PBS for 10 s, followed by 1:40 dilution with PBS, DIPA, or THF (25 mM each) for 90 min, after which free melamine was measured. Assays were repeated three times in triplicate.
In vitro toxin cleavage assays Autocleavage of 1 mg of TcdA and TcdB holotoxins was performed in 25 ml of 20 mM tris-HCl and 150 mM NaCl (pH 7.4 or pH 8.0) with and without InsP 6 , InsP(S) 6 , or InsS 6 for 2 hours at 37°C as previously described (42) . Cleavage reactions were stopped with SDSpolyacrylamide gel electrophoresis loading buffer and boiled at 96°C for 5 min. Samples were then run under reducing conditions on 4 to 20% gradient gels, and cleavage products were stained with GelcodeBlue (Pierce) for 1 hour and cleared in water overnight. AC 50 concentrations were calculated by measuring the relative absorbance of cleavage fragments relative to intact toxin using a LiCor Odyssey infrared scanner (l = 680 nm). Cleavage was plotted against ligand concentration using four-parameter logistic curve fitting on SigmaPlot12.0 software.
Infectious murine C. difficile infection model
A conventional mouse model of antibiotic-induced C. difficile infection, that resembles the spectrum of disease that is manifest in humans, was used as previously described (42) . Disease severity varies from fulminant, with typical histopathologic features of C. difficile infection, to minimal diarrhea, depending on challenge dose. Twelve-week-old C57BL/6 mice were pretreated for 3 days with a mixture of antibiotics shown to disrupt the intestinal microflora. After 2 days, mice were injected with clindamycin and then challenged intragastrically with 10 3 C. difficile VPI 10463 spores the following day. Therapeutic efficacy of InsP 6 and InsP(S) 6 was tested by oral gavage of 1 or 10 mg kg 
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